Stimulation of the TCR induces dramatic cytoskeletal remodeling that reshapes the interface between the T cell and the APC into an immunological synapse (IS; [@bib24]; [@bib18]). First, an intense burst of actin polymerization drives radially symmetric spreading over the APC. Subsequently, the filamentous actin (F-actin) within this circular lamellipodium resolves into an annular configuration ([@bib9]; [@bib65]; [@bib62]). The resulting F-actin ring regulates the trafficking and clustering of signaling complexes and integrins ([@bib70]; [@bib43]; [@bib5]; [@bib72]). It also provides a structural framework for specifying effector function. Clearance of F-actin from the central synaptic membrane is coupled to the polarization of the microtubule-organizing center (MTOC) toward the APC ([@bib29]). These events together facilitate the directional release of soluble factors into the IS. This is particularly important for CD8^+^ CTLs, which kill APCs by directional secretion of cytolytic perforins and granzymes ([@bib64]).

The pathways regulating synaptic F-actin architecture are not well understood. Studies suggest that TCR-induced actin polymerization and cell spreading require the Rho family GTPase Rac ([@bib34]; [@bib58]; [@bib46]; [@bib75]). Like all small GTPases, Rac is activated by specific guanine nucleotide exchange factors (GEFs) that catalyze its transition from an inactive, GDP-bound form into an active, GTP-bound form that recruits downstream effectors ([@bib31]). T cells express several GEFs that could potentially regulate Rac. The most prominent is Vav, which functions as a core component of the TCR signaling complex ([@bib68]). Recent work, however, has suggested that GEFs other than Vav might control Rac-dependent F-actin remodeling at the IS ([@bib40]). T cells also express Dock2, a Rac-specific CDM family GEF that catalyzes nucleotide exchange via its conserved DHR-2 domain ([@bib14]). T cells lacking Dock2 display marked defects in Rac activation and TCR trafficking ([@bib58]), implying that Dock2 might be involved in shaping synaptic F-actin. The N-terminal region of Dock2 binds constitutively to the scaffolding protein Elmo, which confers stabilization and enhances GEF activity toward Rac. Dock2 also contains a so-called DHR-1 domain, which binds specifically to phosphatidylinositol 3,4,5-trisphosphate (PIP~3~; [@bib14]). In that regard, it is intriguing that TCR signaling induces robust PIP~3~ accumulation at the IS ([@bib13]; [@bib26]; [@bib28]; [@bib22]). The possibility that this pool of PIP~3~ might regulate F-actin organization via recruitment of Dock2, however, has not been explored.

It is generally thought that synaptic PIP~3~ is produced by class I phosphoinositide 3-kinases (PI3Ks). It remains controversial, however, precisely which isoforms contribute to this process ([@bib3]; [@bib22]; [@bib59]), and it is also unclear how these proteins might be recruited and activated by TCR signaling. Previous studies in T cells have focused on the role of phosphotyrosine (pTyr)-containing signaling motifs that can bind and allosterically activate certain PI3K isoforms ([@bib11]; [@bib27]; [@bib48]; [@bib74]; [@bib60], [@bib61]). However, class I PI3Ks also interact with the small GTPase Ras ([@bib55], [@bib56]), which functions synergistically with pTyr peptides to induce full PI3K activity ([@bib32]). Ras is strongly activated by TCR signaling ([@bib23]), but whether it promotes synaptic PIP~3~ accumulation through PI3K is not known.

In the present study, we demonstrate that the size and shape of the synaptic F-actin ring is dictated by an annular accumulation of PIP~3~ in the overlying plasma membrane. This PIP~3~ is generated by class IA PI3K isoforms downstream of Ras, and coordinates F-actin architecture by recruiting the Dock2/Elmo complex to the periphery of the IS. Specific perturbations in PIP~3~-Dock2 signaling either reduce or enhance CTL-mediated killing, indicative of an important role in T cell effector responses. These results identify a previously uncharacterized mechanism for controlling synaptic F-actin, and provide insight into how lipid second messenger signaling shapes lymphocyte structure and function.

RESULTS
=======

Synaptic growth and F-actin ring formation require Rac
------------------------------------------------------

To study F-actin architecture at the IS, we used total internal reflection fluorescence (TIRF) microscopy to image OT-1 CTLs on supported lipid bilayers containing H-2K^b^ bound to the ovalbumin~257-264~ peptide, the cognate peptide MHC (pMHC) for the OT-1 TCR. We also included the adhesion molecule ICAM-1, which is recognized by the α~L~β~2~ integrin LFA-1. Consistent with previous work ([@bib62]; [@bib6]), CTLs formed stable, radially symmetric contacts on these surfaces characterized by peripheral F-actin rings ([Fig. 1 A](#fig1){ref-type="fig"}). Bilayers containing pMHC or ICAM-1 alone did not elicit robust ring formation, nor did bilayers containing pMHC and B7.1, a ligand for the costimulatory receptor CD28 ([@bib2]; [Fig. 1 A](#fig1){ref-type="fig"}). Hence, simultaneous engagement of the TCR and LFA-1 was required for stable F-actin ring formation. This observation is consistent with previous studies demonstrating the importance of combined stimulation through LFA-1 and an activating receptor for establishing radially symmetric organization within the IS ([@bib63]; [@bib4]; [@bib39]).

![**T cells form stable F-actin rings on bilayers containing pMHC and ICAM-1.** (A) OT-1 CTLs were stimulated for 10 min on bilayers containing the indicated ligands, fixed, and stained with fluorescently labeled phalloidin. Representative TIRF images are shown. Images are representative of at least 100 cells imaged over at least two independent experiments. (B) OT-1 CTLs expressing RFP-labeled Lifeact together with GFP-labeled WAVE2 were analyzed by TIRF microscopy on bilayers containing pMHC and ICAM-1. A representative time-lapse montage (9-s intervals) is shown. Images are representative of at least 150 cells imaged over four independent experiments. Bars, 5 µm.](JEM_20131324_Fig1){#fig1}

Live imaging experiments revealed that F-actin progressed through two distinct architectural phases during IS formation ([Fig. 1 B](#fig1){ref-type="fig"} and [Video 1](http://www.jem.org/cgi/content/full/jem.20131324/DC1){#supp1}). Contact with the bilayer initially induced rapid cell spreading, accompanied by a relatively featureless distribution of F-actin beneath the plasma membrane. Within 20 s, IS growth stopped and the F-actin distribution resolved into an intense ring. The Rac effector WAVE2, which drives actin polymerization through the Arp2/3 complex, accumulated in an annular configuration before reorganization of F-actin into a ring, and it remained colocalized with F-actin as the IS matured. This result suggested that activated Rac is involved in both the expansion and consolidation phases of IS formation. To determine if the kinetics of Rac activation is consistent with this role, we quantified GTP-Rac levels by pulldown assay using the p21-binding domain (PBD) of PAK. Co-engagement of the TCR and LFA-1 induced robust Rac activation in CTLs within 1 min that was sustained for at least 10 min after that ([Fig. 2 A](#fig2){ref-type="fig"}). This profile correlates well with IS formation, which occurs over a similar timescale.

![**Rac1 and Rac2 are essential for synaptic F-actin remodeling.** (A) OT-1 CTLs were stimulated for the indicated times with beads coated with pMHC and ICAM-1. Top, active Rac was isolated using GST-PAK1-PBD and visualized by immunoblot. Bottom, quantification of activated Rac from the blot shown above, corrected using total Rac expression and normalized to the first time point. (B) OT-1 CTLs were transduced with nontargeting control shRNA (shNT) or shRNA specific for Rac1 and/or Rac2. Cells were then stimulated on lipid bilayers containing pMHC and ICAM-1, fixed, and stained with fluorescently labeled phalloidin. Representative TIRF images are shown (left). Cell spreading (top graph) and F-actin clearance ratio (bottom graph) were quantified for each condition (*n* = 20 cells). (C) shRNA-transduced OT-1 CTLs were probed for Rac1 and Rac2 by immunoblot. Numbers denote corrected, normalized amounts of Rac1 and Rac2 in each lane (see Materials and methods). (D) OT-1 CTLs were transduced with the indicated shRNAs together with shRNA-resistant, GFP-labeled Rac1 or Rac2 as shown. Transduced cells were stimulated as described in B, and F-actin was visualized by phalloidin staining. Quantification of cell spreading and F-actin clearance ratio is shown (*n* ≥ 37 cells). (E) OT-1 CTLs expressing GFP-labeled V12Rac1 or GFP alone were stimulated as described in B, and F-actin was analyzed by phalloidin staining. Representative TIRF images are shown (left). Right, quantification of cell spreading and F-actin clearance ratio (*n* = 30 cells). Bars, 5 µm. In scatter plots, red lines and error bars denote the mean and SEM, respectively. P-values were calculated using the Mann-Whitney test (two-tailed). \*\*\*, P \< 0.001, \*\*, P \< 0.01, \*, P ≤ 0.05, and ns, P \> 0.05. All data are representative of at least two independent experiments.](JEM_20131324_Fig2){#fig2}

To determine whether Rac activity is necessary for IS growth and organization, we used shRNA transduction to suppress Rac1 and Rac2, the two Rac isoforms expressed in T cells. Relative to control cells expressing nontargeting shRNA, OT-1 CTLs lacking Rac1 or Rac2 exhibited significantly reduced cell spreading on bilayers containing pMHC and ICAM-1 ([Fig. 2, B and C](#fig2){ref-type="fig"}). Simultaneous suppression of both Rac isoforms led to an even greater reduction in IS size, implying that the proteins function additively in this context. Rac-deficient CTLs also displayed defects in F-actin ring formation ([Fig. 2 B](#fig2){ref-type="fig"}), which we quantified using a "clearance ratio" parameter for each cell that compares the fluorescence intensity at the edge of the IS with that of the center. We expect a clearance ratio of ∼1 for uniform fluorescence distributions and \<1 for annular patterns (see Materials and methods). Importantly, expression of shRNA-resistant forms of Rac1 and Rac2 in CTLs lacking either GTPase reversed defects in both cell spreading and F-actin organization, indicating that the observed phenotypes were specific ([Fig. 2 D](#fig2){ref-type="fig"}). We also analyzed OT-1 CTLs expressing a constitutively active Rac1 mutant (V12Rac1). On stimulatory bilayers, these cells exhibited a substantial increase in synaptic size relative to controls expressing GFP alone ([Fig. 2 E](#fig2){ref-type="fig"}). This enhanced cell spreading was accompanied by reduced F-actin clearance at the center of the IS, consistent with V12Rac1 inducing unregulated actin polymerization. Collectively, these data indicate that Rac activity plays a key role in synaptic F-actin remodeling.

Dock2/Elmo modulates Rac and F-actin at the IS
----------------------------------------------

Next, we investigated whether the Dock2/Elmo complex is required for growth and stabilization of synaptic F-actin. For these experiments, we used CD4^+^ Dock2^−/−^ T cells expressing the 2B4 TCR, which recognizes the moth cytochrome c~88-103~ peptide bound to I-E^k^. Consistent with previous work ([@bib58]), we found that basal and TCR-induced Rac activation was strikingly diminished in T cells lacking Dock2 ([Fig. 3 A](#fig3){ref-type="fig"}). These cells displayed a dramatic spreading defect, forming miniaturized synapses on stimulatory bilayers ([Fig. 3 B](#fig3){ref-type="fig"}). Interestingly, we did not observe a significant defect in IS organization; the F-actin rings that formed were simply smaller and less substantial ([Fig. 3 B](#fig3){ref-type="fig"}). Expression of full length Dock2 in Dock2^−/−^ T cells reversed this phenotype, indicating that it resulted specifically from Dock2 deficiency ([Fig. 3 C](#fig3){ref-type="fig"}). We also analyzed OT-1 CTLs expressing shRNA against Dock2, which displayed defects similar to those observed in Dock2^−/−^ 2B4 T cells ([Fig. 3, D and E](#fig3){ref-type="fig"}). Notably, suppression or deletion of Dock2 did not reverse the impaired F-actin ring formation and exuberant IS growth induced by V12Rac1 ([Fig. 3, F and G](#fig3){ref-type="fig"}). Hence, Dock2/Elmo operates upstream of Rac to promote IS growth in both CD4^+^ and CD8^+^ T cells.

![**Dock2 drives F-actin dynamics at the IS through Rac.** (A) 2B4 T cell blasts from Dock2^+/+^ (WT) and Dock2^−/−^ mice were stimulated for the indicated times with beads coated with pMHC and ICAM-1. Cell extracts were incubated with GST-PAK1-PBD, and activation of Rac analyzed by immunoblot. Numbers denote corrected, normalized amounts of activated Rac in each lane, quantified from high and low film exposures, as indicated. (B) WT and Dock2^−/−^ 2B4 T cells were stimulated on bilayers containing pMHC and ICAM-1, fixed, and stained with fluorescently labeled phalloidin. Representative TIRF images are shown (top). Bottom, quantification of cell spreading and F-actin clearance ratio (*n* = 30 cells). (C) Dock2^−/−^ 2B4 T cells expressing GFP-labeled Dock2 or GFP alone were stained with phalloidin after spreading on stimulatory bilayers. Representative TIRF images are shown (top). Bottom, quantification of cell spreading (*n* ≥ 30 cells). (D and E) OT-1 CTLs were transduced with nontargeting control shRNA (shNT) or shRNA specific for Dock2. (D) Transduced cells were stimulated with beads coated with pMHC and ICAM-1, and Rac activation was analyzed by pulldown assay using GST-PAK1-PBD. Numbers denote corrected, normalized amounts of activated Rac. (E) Transduced cells were stimulated on lipid bilayers containing pMHC and ICAM-1, fixed, and stained with fluorescently labeled phalloidin. Representative TIRF images are shown (left). Middle, quantification of cell spreading and F-actin clearance ratio (*n* ≥ 30 cells). Right, transduced cells were probed for Dock2 by immunoblot. Numbers denote corrected, normalized amounts of Dock2. (F and G) Dock2-deficient 2B4 T cells (F) and shDock2-expressing OT-1 CTLs (G) were transduced with GFP-labeled V12Rac1 or GFP alone, stimulated as described in B, and imaged after phalloidin staining. Quantification of cell spreading and F-actin clearance ratio are shown (*n* \> 30 cells for Dock2^−/−^ experiment; *n* ≥ 28 cells for shDock2 experiment). Bars, 5 µm. In scatter plots, red lines and error bars denote the mean and SEM, respectively. P-values were calculated using the Mann-Whitney test. \*\*\*, P \< 0.001, \*\*, P \< 0.01, \*, P ≤ 0.05, and ns, P \> 0.05. All data are representative of at least two independent experiments.](JEM_20131324_Fig3){#fig3}

To determine whether Dock2 also controls F-actin accumulation during IS formation with APCs, we analyzed fixed conjugates composed of OT-1 CTLs and antigen-loaded RMA-s cells. F-actin is known to accumulate at the CTL--target cell interface within minutes of TCR stimulation ([@bib17]). Suppression of Dock2 abolished this enrichment of F-actin and significantly reduced IS size ([Fig. 4 A](#fig4){ref-type="fig"}). These data further support the idea that Dock2 is crucial for synaptic actin polymerization.

![**PIP~3~-Dock2 signaling is required for F-actin accumulation in CTL--target cell conjugates.** (A) OT-1 CTLs expressing nontargeting (NT) control shRNA or shRNA against Dock2 or PTEN were mixed with OVA-pulsed RMA-s cells and the conjugates imaged by confocal microscopy after fixation and staining with fluorescently labeled phalloidin. Representative images are shown on the left. Right, quantification of IS size and synaptic F-actin enrichment (see Materials and methods). (B) Fura-2AM--loaded WT and Dock2^−/−^ 2B4 T cells were imaged on lipid bilayers containing pMHC and ICAM-1. Mean, background-corrected Fura-2AM ratios are plotted versus time for each condition (*n* = 12 cells). (C) Immunoblot analysis of phospho-Erk1/2 (P-Erk1/2) and phospho-AKT (P-AKT) in WT and Dock2^−/−^ 2B4 T cells stimulated on lipid bilayers for the indicated times. Numbers denote corrected, normalized amounts of P-Erk1/2 and P-AKT. (D) WT and Dock2^−/−^ 2B4 T cells expressing GFP-labeled tubulin were attached to glass surfaces containing immobilized, photoactivatable pMHC. Localized UV irradiation was then used to activate TCRs in a small region of membrane, and the position of the MTOC monitored by epifluorescence microscopy. The mean distance between the MTOC and the irradiated region is plotted against time (*n* \> 20 cells), with UV irradiation indicated by the green line. Error bars denote SEM. (E) Left, representative images of phalloidin-stained conjugates formed by OVA-pulsed RMA-s cells and OT-1 CTLs expressing GFP-labeled Dock2 either in the presence of wortmannin or vehicle control (Veh). Right, quantification of synaptic Dock2 enrichment. (F) Left, representative images of phalloidin-stained conjugates formed by OVA-pulsed RMA-s cells and OT-1 CTLs in the presence of wortmannin (Wort) or vehicle control (Veh). Right, quantification of IS size and synaptic F-actin enrichment. In all images, T cells and APCs are indicated with white text. Bars, 3 µm. In scatter plots, red lines and error bars denote the mean and SEM, respectively. P-values were calculated using the Mann-Whitney test. \*\*\*, P \< 0.001, \*, P ≤ 0.05, and ns, P \> 0.05. Data in A, E, and F were pooled from two independent experiments. Data in B--D are representative of at least two independent experiments.](JEM_20131324_Fig4){#fig4}

TCR-induced Ca^2+^ flux was normal in the absence of Dock2 ([Fig. 4 B](#fig4){ref-type="fig"}), indicating that early TCR signaling was largely intact. The PI3K pathway, which we assessed by phosphorylation of the PIP~3~-dependent kinase AKT, was also unaffected ([Fig. 4 C](#fig4){ref-type="fig"}). Dock2 deficiency did lead to a slight decrease in Erk1/2 phosphorylation ([Fig. 4 C](#fig4){ref-type="fig"}), as reported previously ([@bib58]). However, we have found that Erk signaling is not required for IS growth and F-actin ring formation (see [Fig. 10](#fig10){ref-type="fig"}), implying that Erk1/2 phosphorylation is either independent of or downstream of Dock2-mediated F-actin growth. We also examined TCR-induced reorientation of the MTOC using an established photoactivation approach ([@bib51]). This response was unaffected in Dock2^−/−^ T cells ([Fig. 4 D](#fig4){ref-type="fig"}), indicating that Dock2 does not influence TCR-induced remodeling of the microtubule cytoskeleton.

Next, we examined whether the localization of the Dock2/Elmo complex is consistent with a role in the regulation of synaptic F-actin. Live imaging studies of OT-1 CTLs expressing GFP-labeled Elmo1 together with Lifeact-RFP revealed a close correspondence between the two fluorescent probes during both cell spreading and peripheral F-actin ring formation ([Fig. 5 A](#fig5){ref-type="fig"} and [Video 2](http://www.jem.org/cgi/content/full/jem.20131324/DC1){#supp2}). F-actin also colocalized with Dock2-GFP ([Fig. 5 B](#fig5){ref-type="fig"}), implying that the pattern displayed by GFP-Elmo1 accurately reflected the behavior of the intact complex. Collectively with the results described above, these imaging data indicate a specific role for Dock2/Elmo in promoting F-actin growth at the IS.

![**Dock2/Elmo and PIP~3~ localization at the IS.** (A) OT-1 CTLs expressing RFP-labeled Lifeact together with GFP-labeled Elmo1 were analyzed by TIRF microscopy on lipid bilayers containing pMHC and ICAM-1. Left, representative time-lapse montages (9-s intervals). Right, linescans (derived from the white line in the left panel, time = 27 s) showing F-actin and Elmo1 accumulation. (B) OT-1 CTLs expressing GFP-fusions of either Dock2 or a Dock2 mutant lacking the DHR-1 domain (ΔDHR1) were imaged on stimulatory bilayers after fixation and staining with phalloidin. Left, representative TIRF images are shown. Right, linescans (derived from the white lines in the images to the left) showing F-actin and Dock2 accumulation at the IS. (C and D) OT-1 CTLs expressing RFP-labeled Lifeact together with GFP-labeled Grp1PH (C) or DynPH (D) were analyzed by TIRF microscopy on lipid bilayers containing pMHC and ICAM-1. Left, representative time-lapse montages (9-s intervals). Right, linescans (derived from the white line in the left panel, time = 27 s) showing F-actin and Grp1PH/Dyn1PH accumulation. Bars, 5 µm. Images in A, C, and D are representative of at least 80 cells imaged over at least four independent experiments. Images in B are representative of at least 12 cells imaged over two independent experiments.](JEM_20131324_Fig5){#fig5}

Annular PIP~3~ accumulation controls synaptic F-actin architecture
------------------------------------------------------------------

To explore the relationship between PIP~3~ and F-actin in our system, we imaged OT-1 CTLs expressing Lifeact-RFP together with a PIP~3~ biosensor containing GFP fused to the pleckstrin homology (PH) domain of Grp1 ([@bib33]). Strikingly, PIP~3~ adopted an annular accumulation pattern at the IS concomitant with formation of the F-actin ring ([Fig. 5 C](#fig5){ref-type="fig"} and [Video 3](http://www.jem.org/cgi/content/full/jem.20131324/DC1){#supp3}). Importantly, the PH domain of dynamin, which does not recognize PIP~3~, distributed evenly over the surface of the IS at all time points ([Fig. 5 D](#fig5){ref-type="fig"} and [Video 4](http://www.jem.org/cgi/content/full/jem.20131324/DC1){#supp4}). Hence, the annular pattern observed for the Grp1 PH domain resulted from its PIP~3~ binding function.

The similarity between the Elmo1 and Grp1 PH accumulation patterns suggested that PIP~3~ might be controlling Dock2/Elmo localization at the IS. Consistent with this hypothesis, treatment with the PI3K inhibitor wortmannin blocked annular accumulation of Elmo1 ([Fig. 6 A](#fig6){ref-type="fig"}). Wortmannin also blocked synaptic enrichment of GFP-labeled Dock2 in CTL--target cell conjugates ([Fig. 4 E](#fig4){ref-type="fig"}). TCR-induced Ca^2+^ flux was normal in wortmannin-treated cells ([Fig. 6 B](#fig6){ref-type="fig"}), suggesting that the impaired recruitment of Dock2/Elmo we observed did not result from a reduction in TCR signaling. Because the DHR-1 domain of Dock2 is known to bind PIP~3~, we compared the localization of wild-type Dock2 with a Dock2 mutant lacking the DHR-1 domain (Dock2-ΔDHR1). Whereas wild-type Dock2 adopted an annular accumulation pattern, Dock2-ΔDHR1 exhibited a uniform distribution ([Fig. 5 B](#fig5){ref-type="fig"}). Together, these data indicated that PIP~3~ operates upstream of Dock2/Elmo at the IS. Consistent with this interpretation, we found that PIP~3~ accumulation was unaffected in Dock2^−/−^ T cells ([Fig. 6 C](#fig6){ref-type="fig"}).

![**PIP~3~ controls Rac-dependent F-actin dynamics through Dock2/Elmo.** (A) OT-1 CTLs expressing GFP-labeled Elmo1 were pretreated with wortmannin (Wort) or vehicle control (Veh) and imaged on stimulatory lipid bilayers after fixation. Left, representative TIRF images are shown. Right, quantification of Elmo1 clearance ratio (*n* \> 40 cells). (B) Fura-2AM--loaded OT-1 CTLs pretreated with wortmannin or vehicle were imaged on lipid bilayers containing pMHC and ICAM-1. Mean, background-corrected Fura-2AM ratios are plotted versus time for each condition (*n* = 20 cells). Error bars denote SEM. (C) WT and Dock2^−/−^ 2B4 T cells expressing GFP-labeled Grp1PH were imaged on lipid bilayers containing pMHC and ICAM-1 after phalloidin staining. Left, representative TIRF images are shown. Right, quantification of Grp1PH clearance ratio (*n* = 15 cells). (D) OT-1 CTLs were treated with wortmannin as indicated, stimulated on bilayers containing pMHC and ICAM-1, and stained with fluorescently labeled phalloidin. Left, representative TIRF images are shown. Right, quantification of cell spreading and F-actin clearance ratio (*n* ≥ 30 cells). (E) OT-1 CTLs pretreated with wortmannin as indicated were stimulated with beads coated with pMHC and ICAM-1. Cell extracts were incubated with GST-PAK1-PBD and activation of Rac was determined by immunoblot. Numbers denote corrected, normalized amounts of activated Rac. (F) CTLs expressing GFP-labeled V12Rac1 or GFP alone were treated with wortmannin as indicated and then stimulated and imaged as described in D. Quantification of cell spreading is shown (*n* ≥ 30 cells). Bars, 5 µm. In scatter plots, red lines and error bars denote the mean and SEM, respectively. P-values were calculated using the Mann-Whitney test. \*\*\*, P \< 0.001, \*\*, P \< 0.01, \*, P ≤ 0.05, and ns, P \> 0.05. All data are representative of at least two independent experiments.](JEM_20131324_Fig6){#fig6}

One would expect that perturbations disrupting Dock2/Elmo localization would affect synaptic F-actin remodeling. Indeed, wortmannin treatment inhibited cell spreading on stimulatory bilayers and significantly reduced IS size and synaptic F-actin enrichment in CTL--target cell conjugates ([Fig. 6 D](#fig6){ref-type="fig"} and [Fig. 4 F](#fig4){ref-type="fig"}). Wortmannin also inhibited TCR-induced Rac activation ([Fig. 6 E](#fig6){ref-type="fig"}), indicating that PIP~3~ functions upstream of Rac in this system. Consistent with this interpretation, expression of V12Rac1 reversed the cell spreading phenotype induced by wortmannin ([Fig. 6 F](#fig6){ref-type="fig"}). Inhibition of PI3K also led to a substantial defect in F-actin ring formation ([Fig. 6 D](#fig6){ref-type="fig"}). These data strongly suggest that PIP~3~ controls both growth and organization of synaptic F-actin.

PI3K function is antagonized by the 3′ phosphoinositide phosphatase PTEN ([@bib7]). To further explore the role of PIP~3~ in IS architecture, we used shRNA against PTEN to enhance PI3K signaling. Basal and TCR-induced Rac activation were both dramatically increased in CTLs lacking PTEN ([Fig. 7 A](#fig7){ref-type="fig"}). These cells also displayed a marked increase in IS size on stimulatory bilayers and in CTL--target cell conjugates ([Fig. 7 B](#fig7){ref-type="fig"} and [Fig. 4 A](#fig4){ref-type="fig"}). We observed a similar phenotype after deleting the PTEN gene in CTLs using the Cre-Lox system (unpublished data). Interestingly, F-actin ring formation was largely intact in the absence of PTEN ([Fig. 7 B](#fig7){ref-type="fig"}), implying that enhanced PIP~3~ production does not necessarily alter synaptic organization. Importantly, suppression of PTEN did not affect IS size in cells lacking Dock2^−/−^ ([Fig. 7 C](#fig7){ref-type="fig"}), confirming that PIP~3~ functions upstream of Dock2 in this pathway. Collectively, these results indicate that PIP~3~-dependent localization of Dock2/Elmo plays a pivotal role in organizing F-actin at the IS.

![**PTEN regulates Rac activation and IS growth.** (A) Left, OT-1 CTLs expressing shRNA specific for PTEN or a control shRNA (shNT) were stimulated with beads coated with pMHC and ICAM-1. Cell extracts were incubated with GST-PAK1-PBD, and activation of Rac was determined by immunoblot. Numbers denote corrected, normalized amounts of activated Rac. Right, CTL lysates were probed for PTEN by immunoblot. Numbers denote corrected, normalized amounts of PTEN. (B) OT-1 CTLs expressing shRNA against PTEN or nontargeting control shRNA were imaged on stimulatory bilayers after phalloidin staining. Left, representative TIRF images are shown. Right, quantification of cell spreading and F-actin clearance ratio (*n* = 35 cells). (C) Dock2^−/−^ 2B4 T cells expressing the indicated shRNAs were imaged on stimulatory bilayers as described in B. Left, representative TIRF images are shown. Right, quantification of cell spreading (*n* \> 30 cells). Bars, 5 µm. In scatter plots, red lines and error bars denote the mean and SEM, respectively. P-values were calculated using the Mann-Whitney test. \*\*\*, P \< 0.001 and ns, P \> 0.05. Data are representative of at least two independent experiments.](JEM_20131324_Fig7){#fig7}

PI3K-Dock2 signaling modulates CTL killing efficiency
-----------------------------------------------------

Synaptic architecture is thought to play a central role in CTL killing responses by promoting adhesion to the APC and fusion of lytic granules containing perforin and granzyme with the synaptic membrane ([@bib64]). Accordingly, we examined whether perturbations in PI3K-Dock2 signaling affected cytotoxicity. CTLs expressing shRNA against Dock2 exhibited significantly reduced target cell lysis ([Fig. 8, A and B](#fig8){ref-type="fig"}). TCR-induced degranulation and granzyme B expression were normal in these cells ([Fig. 8, C and D](#fig8){ref-type="fig"}), however, indicating that the observed killing phenotype did not result from defective CTL differentiation or TCR signaling. Rather, these results suggested that contacts formed in the absence of Dock2 lacked the structural integrity required for robust engagement of the APC. Consistent with this interpretation, conjugate formation with target cells was impaired in Dock2-deficient CTLs ([Fig. 8 E](#fig8){ref-type="fig"}). We observed a similar adhesion phenotype after wortmannin treatment ([Fig. 8 F](#fig8){ref-type="fig"}), further indicating that PI3K-Dock2 signaling is necessary for the formation of robust cytolytic synapses.

![**PI3K-Dock2 signaling modulates the efficiency of target cell killing.** (A--C) RMA-s target cells loaded with 100 nM OVA peptide were mixed with OT-1 CTLs expressing either nontargeting shRNA or shRNA specific for Dock2 or PTEN. (A and B) Specific lysis of target cells at the indicated effector to target (E:T) ratios after 6 h (A), or at the indicated times at an E:T ratio of 2:1 (B). Killing assays were performed in triplicate. (C) Cell surface exposure of CD107a was determined by flow cytometry. (D) OT-1 CTLs expressing the indicated shRNA constructs were stained using antibodies against granzyme B and analyzed by flow cytometry. (E and F) RMA-s target cells loaded with 100 nM OVA peptide were mixed with shRNA-expressing (E) or wortmannin-treated (F) OT-1 CTLs as indicated. CTL--target cell conjugate formation was assessed by gating on the GFP^+^ (CTLs), PKH26^+^ (RMA-s targets) population (see Materials and methods). Degranulation and conjugate assays were performed in duplicate at an E:T ratio of 1:1. Error bars indicate SEM. (G and H) OT-1 CTLs and RMA-s targets were imaged in PDMS wells in the presence of PI to detect killing events. (G) Time-lapse montage showing the killing of two RMA-s cells by a CTL expressing shRNA against PTEN. Time is shown (hours:minutes:seconds) at the top of each image. White arrows indicate conjugate formation and killing events. (H) Top, quantification of killing time, with red lines and bars indicating mean and SEM, respectively. Bottom, killing efficiency of monogamous CTL--target cell contacts is shown in blue. In scatter plots, red lines and error bars denote the mean and SEM, respectively. P-values were calculated using the Mann-Whitney test. \*\*, P \< 0.01. Data in A--F are representative of at least two independent experiments. Data in G and H were pooled from two independent experiments.](JEM_20131324_Fig8){#fig8}

Unfortunately, we were unable to investigate killing responses in wortmannin-treated cells because the compound profoundly inhibited degranulation in our hands, consistent with previous results ([@bib54]). We did, however, analyze CTLs expressing shRNA against PTEN, which we expected to boost PI3K signaling. Cytotoxicity was dramatically enhanced in these cells ([Fig. 8, A and B](#fig8){ref-type="fig"}), despite no changes in TCR-induced degranulation and granzyme B expression ([Fig. 8, C and D](#fig8){ref-type="fig"}). CTLs lacking PTEN also killed target cells faster than wild-type controls ([Fig. 8 B](#fig8){ref-type="fig"}). Surprisingly, loss of PTEN had no effect on conjugate formation ([Fig. 8 E](#fig8){ref-type="fig"}), indicating that their enhanced killing activity did not result from an overall increase in synaptic adhesion.

To further explore the effects of Dock2 and PTEN on cytotoxicity, we imaged OT-1 CTLs together with target cells in polydimethylsiloxane (PDMS) microwells designed to block the formation of multicellular clusters. Cell death was monitored using propidium iodide (PI), a fluorescent DNA intercalating reagent that incorporates rapidly into lysed cells ([@bib50]). In this manner, we were able to quantify the frequency of target cell killing induced by "monogamous" interactions involving one T cell and one target cell over a period of ∼8 h ([Fig. 8, G and H](#fig8){ref-type="fig"}). Whereas 13.5% of conjugates containing control T cells were associated with a killing event, target cell death was observed in only 2.3% of the conjugates formed by CTLs expressing shRNA against Dock2. PTEN-deficient CTLs, in contrast, lysed target cells in over half (53.9%) of the conjugates they formed. Suppression of PTEN also led to an ∼35% increase in killing rate ([Fig. 8 H](#fig8){ref-type="fig"}), quantified by determining the time delay between conjugate formation and target cell death. This acceleration in killing was associated with a reduction in the average duration of CTL--target cell contacts (unpublished data), possibly reflecting an inclination of CTLs to dissociate from dead or dying target cells. Collectively, these results indicate that PIP~3~ and Dock2-dependent F-actin dynamics at the IS control the efficiency of target cell killing.

PI3K-dependent F-actin remodeling is largely mediated by PI3Kδ
--------------------------------------------------------------

Class I PI3Ks exist as obligate heterodimers containing one catalytic and one regulatory subunit ([@bib19]). Class IA catalytic subunits (p110α, p110β, and p110δ) pair with regulatory subunits in the p85/p55 family, which contain pTyr-binding SH2 domains. In contrast, the lone class IB isoform, p110γ, associates with p101/p87 adaptors and signals downstream of G protein--coupled receptors. To identify which PI3K is primarily responsible for PIP~3~ accumulation at the IS, we treated OT-1 CTLs with isoform-specific inhibitors ([Fig. 9 A](#fig9){ref-type="fig"}). The p110δ inhibitor IC87114 strongly suppressed TCR-induced phosphorylation of AKT, although not to the same extent as wortmannin. TGX221, a p110β inhibitor which affects p110δ to a lesser extent, reduced phospho-AKT (P-AKT) levels somewhat, whereas A66, which targets p110α, had no observable effect on its own. A252424, a small molecule inhibitor of p110γ, also had no effect on TCR-induced P-AKT (unpublished data), arguing against a role for class IB PI3K. Interestingly, the residual TCR-induced PI3K activity observed in the presence of IC87114 could be further reduced by the addition of A66 or TGX221, suggesting that both p110α and p110β contribute to p110δ-independent PIP~3~ production ([Fig. 9 A](#fig9){ref-type="fig"}). Indeed, simultaneous treatment with IC87114, TGX221, and A66 completely abrogated AKT phosphorylation.

![**PIP~3~-dependent synaptic remodeling is largely mediated by PI3Kδ.** (A and B) OT-1 CTLs were pretreated with isoform-specific class IA PI3K inhibitors (alone or in combination) or vehicle controls (Veh) and then stimulated for the indicated times on lipid bilayers containing pMHC and ICAM-1. (A) P-AKT levels were assessed by immunoblot. High and low film exposures are shown. Numbers denote corrected, normalized amounts of P-AKT. (B) Cell spreading and F-actin clearance ratio were assessed after phalloidin-staining (*n* = 40 cells). Representative TIRF images are shown above, with quantification below. (C) OT-1 CTLs were pretreated with AS252424 (AS25) or vehicle control (Veh) and then stimulated and imaged as described in B. Quantification of cell spreading and F-actin clearance ratio are shown (*n* \> 30 cells). (D) OT-1 CTLs expressing shRNA against p110α together with p110δ or nontargeting control shRNA (shNT) were stimulated and imaged as described in B. Left, transduced cells were probed for p110α and p110δ by immunoblot. Numbers denote corrected, normalized amounts of p110α and p110δ. Right, quantification of cell spreading and F-actin clearance ratio (*n* ≥ 33 cells). (E) Top, OT-1 CTLs expressing RFP-tagged CD3ζ together with the indicated GFP-labeled PI3K regulatory subunits were fixed on stimulatory bilayers. Top left, representative TIRF images are shown. Top right, linescans (derived from the white lines shown on the TIRF images) showing colocalization between CD3ζ and the PI3K regulatory subunits. Bottom, representative TIRF images of OT-1 CTLs expressing the indicated GFP-labeled PI3K regulatory subunits after fixation on stimulatory bilayers. (F) OT-1 CTLs expressing RFP-labeled CD3ζ together with GFP-labeled Grp1PH were imaged by TIRF microscopy on bilayers containing pMHC and ICAM-1. A representative time-lapse montage is shown (12-s intervals). Bars, 5 µm. In scatter plots, red lines and error bars denote the mean and SEM, respectively. P-values were calculated using the Mann-Whitney test. \*\*\*, P \< 0.001, \*\*, P \< 0.01, \*, P ≤ 0.05, and ns, P \> 0.05. Data in A--D are representative of at least two independent experiments. Images in E and F are representative of at least 17 cells imaged over at least two independent experiments.](JEM_20131324_Fig9){#fig9}

We observed a similar pattern of results when we examined the synaptic architecture of inhibitor-treated cells ([Fig. 9, B and C](#fig9){ref-type="fig"}). Neither A66 nor AS252424 affected IS size and F-actin clearance ratio. In contrast, IC87114 induced significant, albeit small, changes in both parameters. TGX221 also disrupted synaptic F-actin somewhat, most likely due to partial inhibition of p110δ. Treatment with combinations of IC87114 and either TGX221 or A66 induced substantially larger defects in cell spreading and synaptic organization, and application of all three compounds together produced a phenotype as severe as that of wortmannin. These results imply that PI3Kδ drives synaptic PIP~3~ accumulation together with either PI3Kα or PI3Kβ. Consistent with this interpretation, shRNA-mediated suppression of p110δ together with p110α strongly inhibited both cell spreading and F-actin ring formation ([Fig. 9 D](#fig9){ref-type="fig"}).

We also analyzed the localization of class IA and class IB PI3Ks using CTLs transduced with GFP-labeled p85α, p85β, or p55γ (to label class IA isoforms) or GFP-labeled p87 or p101 (for class IB). TIRF analysis revealed that p101 and p87 adopted broad and rather nonspecific distributions ([Fig. 9 E](#fig9){ref-type="fig"}). In contrast, p85α, p85β, and p55γ formed distinct microclusters in the plasma membrane that trafficked toward the center of the IS ([Fig. 9 E](#fig9){ref-type="fig"}; and [Videos 5](http://www.jem.org/cgi/content/full/jem.20131324/DC1){#supp5} and [6](http://www.jem.org/cgi/content/full/jem.20131324/DC1){#supp6}). Because activated TCR complexes also form centripetally motile microclusters ([@bib18]), we investigated whether p85/p55 colocalized with the TCR. Indeed, labeled p85α, p85β, and p55γ overlapped extensively with CD3ζ-RFP, a marker of the TCR ([Fig. 9 E](#fig9){ref-type="fig"} and not depicted). These results strongly suggest that class IA PI3K isoforms are recruited directly to TCR microclusters, consistent with a role in TCR-induced PIP~3~ production.

It is generally thought that signaling from TCR microclusters, although strong in the periphery of the IS, is extinguished as they coalesce at the center ([@bib10]; [@bib73]; [@bib70]; [@bib69]). Consistent with this model, we observed that accumulation of PIP~3~ into an annular pattern coincided with formation of a large central cluster of TCR ([Fig. 9 F](#fig9){ref-type="fig"} and [Video 7](http://www.jem.org/cgi/content/full/jem.20131324/DC1){#supp7}). Collectively with the loss-of-function experiments described above, these results indicate that synaptic PIP~3~ is generated by class IA PI3Ks associated with TCR microclusters in the periphery of the IS.

Ras controls synaptic PI3K activation
-------------------------------------

Because TCR signaling is known to induce robust Ras activation ([@bib41]), we investigated whether Ras might regulate PI3K-dependent F-actin remodeling at the IS. CTLs expressing a constitutively active Ras mutant (V12Ras) displayed a substantial increase in cell spreading on stimulatory bilayers ([Fig. 10 A](#fig10){ref-type="fig"}), similar to the phenotype observed in PTEN-deficient cells. This increase in IS size could be reversed by wortmannin, indicating that PI3K operated downstream of V12Ras in these experiments. Although Ras also activates MAP kinase signaling ([@bib41]), the MAP kinase pathway inhibitor U0126 did not affect the cell spreading phenotype induced by V12Ras ([Fig. 10 B](#fig10){ref-type="fig"}). Hence, we conclude that V12Ras functions through PI3K, rather than the MAP kinase cascade, to influence synaptic architecture.

![**Ras drives PI3K activation and F-actin remodeling at the IS.** (A and B) OT-1 CTLs expressing GFP-labeled V12Ras or GFP alone were stimulated on lipid bilayers containing pMHC and ICAM-1 in the presence of either wortmannin (Wort; A) or U0126 (B) as indicated (Veh = vehicle control). Cells were then fixed and phalloidin-stained. Quantification of cell spreading is shown (*n* ≥ 30 cells). Representative TIRF images of V12Ras-expressing cells and GFP-expressing controls are shown to the left in A. (C) OT-1 CTLs were transduced with nontargeting control shRNA (shNT) or shRNA specific for Nras either in the presence or the absence of shRNA-resistant, GFP-labeled Nras. Cells were then stimulated on bilayers containing pMHC and ICAM-1, fixed, and stained with phalloidin. Left, representative TIRF images are shown. Middle, quantification of cell spreading and F-actin clearance ratio (*n* ≥ 37 cells). Right, Nras protein expression by immunoblot. Numbers denote corrected, normalized amounts of Nras. (D) OT-1 CTLs expressing nontargeting control shRNA (shNT) or shRNA specific for Kras were stimulated on bilayers containing pMHC and ICAM-1, fixed, and stained with phalloidin. Left, quantification of cell spreading and F-actin clearance ratio (*n* = 30 cells). Right, Kras protein expression by immunoblot. Numbers denote corrected, normalized amounts of Kras. (E) OT-1 CTLs expressing V12ras (left) or shNras (right) were stimulated, along with the indicated controls, using beads coated with pMHC and ICAM-1. Cell extracts were incubated with GST-PAK1-PBD, and Rac activation was analyzed by immunoblot. Numbers denote corrected, normalized amounts of activated Rac. Bars, 5 µm. In scatter plots, red lines and error bars denote the mean and SEM, respectively. P-values were calculated using the Mann-Whitney test (two-tailed). \*\*\*, P \< 0.001, \*\*, P \< 0.01, \*, P ≤ 0.05, and ns, P \> 0.05. Data are representative of at least two independent experiments.](JEM_20131324_Fig10){#fig10}

We also analyzed OT-1 CTLs expressing shRNA against Nras, the predominant Ras isoform in T cells ([@bib35]; [@bib49]). Nras depletion induced defects in both F-actin ring formation and cell spreading ([Fig. 10 C](#fig10){ref-type="fig"}). This phenotype was specific, as it was reversed by transduction of an shRNA-resistant version of Nras ([Fig. 10 C](#fig10){ref-type="fig"}). Notably, suppression of Kras had no effect on IS growth and organization, presumably because it is expressed at substantially lower levels than Nras in T cells ([Fig. 10 D](#fig10){ref-type="fig"}).

These results implied that Nras plays a major role in controlling PIP~3~-dependent activation of Rac. Consistent with this interpretation, TCR-induced Rac activation was markedly enhanced in CTLs expressing V12Ras and markedly reduced in CTLs lacking Nras ([Fig. 10 E](#fig10){ref-type="fig"}). Collectively, our data demonstrate that Ras, predominantly the Nras isoform, controls PI3K and Rac activity downstream of the TCR.

DISCUSSION
==========

Although it has been known for some time that TCR signaling induces robust F-actin remodeling at the IS, the mechanisms controlling this process have remained mysterious. Here, we demonstrate that annular PIP~3~ accumulation, generated downstream of Ras and class IA PI3K, is crucial for shaping synaptic F-actin and the effector responses that depend on it. Previous studies have highlighted the value of Ras and PI3K for TCR-induced transcriptional responses, proliferation, and survival ([@bib41]; [@bib19]). Our results reveal that both proteins also function as important cytoskeletal organizers.

The Dock2/Elmo complex plays a central role in leukocyte migration by promoting protrusive actin polymerization at the leading edge ([@bib20]; [@bib47]; [@bib44]). Our work demonstrates that Dock2/Elmo also drives F-actin growth in the IS. The parallels between the radially symmetric lamellipodium observed at the IS and the oriented lamellipodium seen in motile leukocytes have been noted ([@bib16]). The implication of Dock2 as a crucial component of both structures confirms and extends this concept. That being said, there are significant differences in the way Dock2/Elmo is localized in motile leukocytes relative to synaptically engaged T cells. In migrating neutrophils, for instance, Dock2 accumulation at the leading edge is primarily driven by phosphatidic acid, with PIP~3~ playing only a minor role ([@bib44]). Dock2 is also capable of controlling T cell and B cell migration in a largely PI3K-independent manner ([@bib47]). In contrast, our results demonstrate that PIP~3~ accounts for the majority of TCR-induced Dock2 recruitment and Rac activation at the IS. It is interesting that the mechanisms regulating Dock2/Elmo during T cell activation should differ from those used during chemotaxis. These alternative strategies could help T cells delineate distinct morphological states that otherwise use many of the same protein regulators.

Although Dock2 is clearly pivotal for activating Rac and specifying F-actin growth at the IS, the persistence of F-actin ring formation in the absence of Dock2 implies the existence of additional PIP~3~-regulated factors that signal through Rac to promote synaptic organization. A particularly intriguing candidate is Tiam1, a Rac-specific GEF that binds to PIP~3~ via its N-terminal PH domain ([@bib52]). Recent work has established that Tiam1 can activate Rac downstream of LFA-1 in T cells ([@bib25]), although it remains unclear whether PIP~3~ is involved. Tiam1 also associates with the Par (partitioning defective) polarity complex ([@bib12]; [@bib45]), which accumulates at the IS and contributes to the establishment of cell polarity ([@bib38]). Whether the Par complex and Tiam1 influence the organization of synaptic F-actin has not been explored and remains an interesting topic for future investigation.

The colocalization we observed between p85/p55 and the TCR in microclusters is quite intriguing in light of prior work indicating that class IA PI3Ks can be stimulated allosterically by pTyr-containing peptides ([@bib11]; [@bib27]). The TCR signaling complex contains several phosphoproteins that could potentially engage PI3K, including LAT and Slp76, two scaffolding molecules known to interact with p85 in a pTyr-dependent manner ([@bib74]; [@bib60], [@bib61]). Hence, we favor a model in which early TCR signaling drives pTyr-mediated recruitment and allosteric activation of class IA PI3K in centripetally motile microclusters. Once localized to the plasma membrane in this manner, PI3K encounters Ras-GTP, becomes fully activated, and generates PIP~3~. Importantly, we expect microcluster-associated PI3K to be active only in the periphery of the IS because signaling from TCR microclusters is extinguished as they coalesce in the center ([@bib10]; [@bib73]; [@bib70]; [@bib69]). Hence, this model is consistent with the annular pattern of PIP~3~ we have observed.

Ras is C-terminally prenylated and palmitoylated, and Ras activation is often localized to specific cellular membranes ([@bib41]). In T cells, the degree of this compartmentalization depends on the nature of the stimulus. Thus, whereas engagement of the TCR either alone or in combination with CD28 activates Ras exclusively in the Golgi apparatus, simultaneous stimulation of the TCR and LFA-1 drives Ras activation at the plasma membrane ([@bib42]). It is striking that these stimulus criteria, namely co-engagement of the TCR and LFA-1, are identical to the requirements for stable F-actin ring formation in our system. Class IA PI3K predominantly functions at the plasma membrane, which is enriched in phosphatidylinositol bisphosphate relative to other compartments ([@bib15]). Hence, it is not surprising that stimulatory regimes inducing Ras activation at the plasma membrane should be the most effective at promoting PI3K-dependent F-actin remodeling.

It is remarkable that suppression of Dock2 or PTEN affected cytotoxicity so strongly without significantly altering TCR-induced degranulation. These results suggest that PI3K-Dock2 signaling modulates the cytolytic potential of degranulation rather than its overall level. Given the presumed importance of synaptic F-actin for directional secretion, it is tempting to speculate that perturbations in the PI3K-Dock2 pathway might modify synaptic targeting of lytic granules. We have found, however, that granule polarization toward the synapse is unaffected by loss of Dock2 or PTEN (unpublished data). Nevertheless, it remains possible that the actual release of these granules does change under these conditions. Alternatively, by modulating the strength of the IS, perturbations in PI3K-Dock2 signaling may affect the ability of CTLs to exert force on the APC membrane and thereby alter cytotoxicity. Both possibilities represent interesting avenues for future research.

Our functional results with PTEN-deficient CTLs indicate that cellular cytotoxicity can be boosted to supraphysiological levels. This is consistent with previous studies suggesting that wild-type CTLs are relatively inefficient killers that possess untapped cytolytic capacity ([@bib37]; [@bib8]; [@bib53]). Under normal circumstances, restraining CTL function may be important for the general health of an organism. Indeed, mice lacking PTEN specifically in peripheral T cells develop multi-organ autoimmune disease ([@bib36]). However, there are therapeutic contexts, such as the adoptive transfer of tumor-specific T cells ([@bib57]), in which the ability to enhance CTL function might be very advantageous. Indeed, CTLs lacking negative regulators of the TCR signaling network show markedly improved anti-tumor responses in certain mouse models ([@bib37]; [@bib66]; [@bib53]). In that regard, it will be interesting to investigate whether PTEN-deficient CTLs mount more effective immune responses in vivo. Interestingly, CTLs lacking SHIP-1, a lipid phosphatase which targets PIP~3~ at the 5′ position, also display enhanced killing responses ([@bib67]), although to a lesser extent than cells lacking PTEN. Hence, up-regulation of PI3K signaling could serve as a general mechanism to boost lymphocyte cytotoxicity.

We showed previously that MTOC polarization toward the APC is driven by the accumulation of diacylglycerol at the IS ([@bib51]). Here, we demonstrate that a distinct lipid second messenger, PIP~3~, plays a crucial role in shaping synaptic F-actin. It is remarkable that T cells should use lipid second messenger signaling to dictate the polarity and architecture of both the microtubule and actin cytoskeletons during IS formation. Studies in migrating cells have demonstrated that plasma membrane lipid gradients can be generated quickly and are highly responsive to change ([@bib21]; [@bib30]; [@bib71]). This makes them well suited for the patterning of dynamic cytoskeletal structures. It seems likely that systems analogous to the ones we have characterized in T cells are used by other cell types to shape F-actin and microtubule architecture during the formation of specialized cell--cell contacts.

MATERIALS AND METHODS
=====================

### Constructs and inhibitors.

Coding sequences for GFP-labeled Grp1PH, GFP-labeled Dyn1PH, and RFP-Ruby--labeled Lifeact were amplified by PCR from pEGFP-C1-Grp1PH, pEGFP-C1-Dyn1PH, and pmRFPruby-N1-Lifeact, respectively, and then cloned into a modified retroviral expression vector (pMSCV). Coding sequences for mouse WAVE2 and CD3ζ were cloned into pMSCV upstream of GFP and RFP, respectively. Coding sequences of mouse p85α, p85β, p55γ, p87, p101, Dock2, Dock2-ΔDHR1, and Elmo1 were cloned into a shuttle vector derived from pTOPO (Invitrogen) downstream of GFP (NT-GFP-TOPO). Fragments encoding the fluorescent fusion proteins were then subcloned in pMSCV. Constitutively active Rac1 and Nras (V12Rac1, V12Nras, G12V mutation) were created by PCR-based mutagenesis, cloned into NT-GFP-TOPO, and then subcloned as GFP fusions into pMSCV. V12Hras was amplified by PCR from pBABE-V12Hras, and subcloned as a GFP-V12Hras fragment into pMSCV. V12Nras and V12Hras had equivalent effects on synaptic architecture and were used interchangeably. shRNAs specific for Rac1, Rac2, Dock2, PTEN, p110α, p110δ, Nras, and Kras were cloned into LMP vectors (Open Biosystems) containing fluorescent protein markers (either GFP or CFP) appropriate for each experiment. To inhibit PI3K or MAPK signaling, OT-1 CTLs were pretreated with 500 nM wortmannin (Sigma-Aldrich), 1 µM IC87114/TGX221/A66/AS252424 (Symansis), or 10 µM U0126 (EMD) for 30 min at 37°C.

### Cells and retroviral transduction.

The animal protocols used for this study were approved by the Institutional Animal Care and Use Committee of Memorial Sloan-Kettering Cancer Center. Primary helper T cell and CTL blasts were prepared from Dock2^−/−^ 2B4αβ ([@bib58]) and OT-1αβ transgenic mice (Taconic), respectively. Lymphocytes from these mice were mixed with irradiated congenic splenocytes pulsed with 5 µM moth cytochrome c~88-103~ peptide (MCC, helper T cells) or 100 nM ovalbumin~257-264~ (OVA, CTLs) and cultured in RPMI medium containing 10% (vol/vol) FCS. Cells were supplemented with 30 IU/ml IL-2 after 24 h and were split as needed in RPMI containing IL-2. RMA-s mouse tumor cells were maintained in RPMI containing 10% (vol/vol) FCS. For retroviral transduction, Phoenix E cells were transfected with pMSCV expression vectors and packaging plasmids by the calcium phosphate method. Ecotropic viral supernatants were collected after 48 h at 37°C and added to T cell blasts 2 or 3 d after primary peptide stimulation. Mixtures were centrifuged at 1,400 *g* in the presence of 4 µg/ml polybrene at 35°C. T cells were then split 1:3 in medium containing IL-2.

### Pulldown assays and immunoblot analysis.

For pulldown assays, serum-starved T cells were incubated with streptavidin-coated polystyrene beads (Spherotech) loaded with 1 µg/ml each of the biotinylated proteins ICAM-1 and H-2K^b^-OVA~257-264~ in 150 µl RPMI for the indicated times at 37°C (ratio = 1:1), and immediately lysed by adding 150 µl of cold 2× lysis buffer (100 mM Hepes, pH 7.4, 300 mM NaCl, 2% Triton X-100, 20 mM MgCl~2~, and protease inhibitors). To assess Rac activation, cell extracts were incubated with the PAK1-PBD fused to glutathione S-transferase (GST) at 4°C for 1 h. GST-PAK1-PBD--bound proteins were analyzed by SDS-PAGE, and blots were probed with anti-Rac antibodies (clone 23A8; Abcam). To assess shRNA knockdown efficiency, equal numbers of OT-1 CTLs infected with either nontargeting shRNA or shRNA specific for the protein of interest were lysed by adding cold cell lysis buffer containing 10 mM TrisHCl, 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, and 0.15 M NaCl. Samples were analyzed by immunoblot using the following antibodies: anti-Rac1 mAb (clone ARC03, Cytoskeleton), anti-Rac2 mAb (clone C-11; Santa Cruz Biotechnology, Inc.), anti-Dock2 polyclonal Ab (Millipore), anti-PTEN mAb (clone D4.3; Cell Signaling Technology), anti-p110α mAb (clone C73F8; Cell Signaling Technology), anti-p110δ mAb (clone EPR386; Abcam), anti-Kras mAb (clone F234; Santa Cruz Biotechnology, Inc.), and anti-Nras mAb (clone F155; Santa Cruz Biotechnology, Inc.). Inhibition of PI3K and MAP kinase signaling in OT-1 CTLs was assessed by immunoblot for P-AKT (anti-P-AKT \[Ser473\] Ab; Cell Signaling Technology) and P-Erk1/2 (P-Thr202/Tyr204; clone 20G11; Cell Signaling Technology), respectively, after stimulation on lipid bilayers containing pMHC and ICAM-1 (see TIRF imaging experiments). Cells were lysed as described for shRNA-infected cells. Immunoblots were quantified in ImageJ by calculating the ratio between the band of interest and a standard band (total Rac, actin, or tubulin) in each lane. For quantification of activated Rac, P-Erk1/2, and P-AKT, values were normalized using samples from unstimulated cells or cells expressing control constructs (e.g., GFP alone or nontargeting shRNA) as indicated. For validation of shRNA knockdown, values were normalized using samples from cells expressing nontargeting shRNA.

### Killing assays, degranulation, and conjugate formation.

RMA-s target cells labeled with the membrane dye PKH26 (Sigma-Aldrich) were pulsed with 100 nM OVA and mixed in 96-well plates with OT-1 CTLs transduced with nontargeting shRNA or shRNA specific for Dock2 or PTEN. For killing assays, E:T ratios were 0.5:1, 1:1, 2:1, and 4:1, and cells were incubated at 37°C for 0--6 h. 2.5 mM EDTA was then added to disrupt conjugate formation and specific lysis of PKH26^+^ target cells was assessed by flow cytometry as previously described ([@bib50]). For degranulation assays, the E/T ratio was 1:1 and cells were incubated at 37°C for 0--60 min in the presence of Alexa Fluor 647--labeled mAb to CD107a (1 µg/ml; clone eBio1D4B; eBioscience). Conjugates were then disrupted by the addition of 2.5 mM EDTA, and CD107a staining assessed by flow cytometry after gating out PKH26^+^ target cells. Conjugate formation was analyzed after mixing GFP^+^ OT-1 CTLs with PKH26^+^ target cells for 0--60 min at 37°C. Conjugates were visualized as GFP^+^PKH26^+^ entities by flow cytometry. % conjugates = \[GFP^+^PKH26^+^/(GFP^+^PKH26^−^ + GFP^+^PKH26^+^)\]. For intracellular granzyme B staining, T cells were fixed with 2% PFA, permeabilized with 0.1% saponin (diluted in PBS 1× containing 1% BSA), and stained with anti--granzyme B coupled to APC (clone GB11; Invitrogen).

### Image analysis of single cell killing.

PDMS grids containing 50 × 50 × 25--µm wells were submerged in imaging medium and seeded with RMA-s cells that had been pulsed with 100 nM OVA. In general, individual wells contained 1--3 RMA-s cells. 1 µg/ml PI was added to the medium to enable real-time labeling of dead cells. Then, CTLs expressing control shRNA or shRNA against Dock2 or PTEN together with GFP were added and the cells imaged using a 10× objective lens (Carl Zeiss) at 2-min intervals for 8 h. Brightfield, GFP, and PI images were collected at each time point. Quantification was restricted to target cells forming synapses with only one T cell during the first 6 h of the imaging experiment. All cells in this category were scored for the time of initial IS formation and also for the initial appearance of PI signal above background.

### TIRF imaging.

Supported lipid bilayers containing streptavidin were coated with biotinylated proteins as previously described ([@bib1]). For 2B4 T cells, 1 µg/ml each of biotinylated MCC-I-E^k^ and ICAM-1 were used; for OT-1 cells, 1 µg/ml of biotinylated OVA-H-2K^b^ in combination with 1 µg/ml ICAM-1, B7.1, or a nonstimulatory null pMHC was used. In live experiments, TIRF images of fluorescently labeled T cells in contact with bilayers were collected every 3 s for 6 min with a 60× objective lens (1.45 NA; Olympus) using 488 and 561 nm lasers (Melles Griot) for imaging of GFP and RFP, respectively. For fixed samples, T cells were incubated on stimulatory bilayers for 10 min at 37°C, fixed by adding 4% paraformaldehyde for 5 min, and imaged after neutralization with 15 mM NH~4~Cl. For phalloidin staining, fixed cells were permeabilized with 0.1% Triton X-100 for 5 min, followed by incubation in PBS solution supplemented with 5% BSA for 20 min at 37°C. Cells were then incubated for 30 min with 0.1 U/ml Alexa Fluor 594--labeled phalloidin dissolved in PBS supplemented with 5% BSA. Live imaging of p85α and p85β at the IS was performed using a 150× objective lens (1.45 NA; Olympus). shRNA-transduced cells were identified by GFP and/or CFP expression. For Ca^2+^ flux assays, T cells were loaded with 5 µg/ml Fura-2AM (Invitrogen), followed by imaging on stimulatory bilayers using a 40× objective lens (1.35 NA; Olympus). Differential interference contrast and Fura-2 images were collected every 30 s for 30 min. TCR-induced polarization of the MTOC was assessed by TCR photoactivation as previously described ([@bib51]) using glass surfaces coated with 0.25 µg/ml of photocaged MCC-I-E^k^, 2.75 µg/ml of nonstimulatory null pMHC, and 0.5 µg/ml of antibodies against H-2K^k^ (36--7-5; BD).

### Conjugate imaging.

RMA-s target cells pulsed with 100 nM OVA were mixed in complete RPMI at a 1:2 ratio with either OT-1 CTLs expressing shRNA (nontargeting shRNA or shRNA specific for Dock2 or PTEN) or CFSE-labeled OT-1 cells pretreated with wortmannin (Wort) or vehicle control. Cells were pelleted and incubated for 10 min at 37°C. Conjugates were then resuspended in warm PBS, transferred into poly-[l]{.smallcaps}-lysine--coated Millicell EZ slides (EMD Millipore), and incubated for 5 min at 37°C. Cells were then fixed, permeabilized, and stained with Alexa Fluor 594--labeled phalloidin (see TIRF imaging experiments). Slides were then mounted with Mowiol (EMD Millipore) and analyzed using a fluorescence confocal microscope (Upright; Leica). Z-projections and 3D reconstructions were assembled using Imaris Imaging software.

### Image analysis.

Imaging data were analyzed using SlideBook software, Excel (Microsoft), Prism (GraphPad Software), and Imaris. Cell spreading on bilayers was determined by calculating the cell area (in square micrometers) after intensity thresholding of the Alexa Fluor 594--labeled phalloidin signal. Quantification of clearance ratio was performed using two perpendicular linescans for each cell. For each linescan, the background-corrected mean fluorescence intensity (MFI) at the edges (positions F1 and F2) of the IS was compared with the background-corrected MFI of three equally spaced central positions (F3, F4, and F5) as follows: mean(F3 + F4 + F5)/mean(F1 + F2). Clearance ratios derived from the two perpendicular linescans were averaged to yield a clearance ratio for the cell in question. Analysis of single cell Ca^2+^ flux was performed by normalizing the Fura ratio of each cell using the last image before the initial rise in Ca^2+^. MTOC reorientation in response to photoactivation was quantified by calculating the distance between the MTOC and the center of the irradiated region as a function of time. Synapse size in CTL--target cell conjugates was quantified by averaging the values of two perpendicular measurements of IS diameter made using 3D reconstructions. Accumulation of F-actin and Dock2 at the CTL-target cell IS (MFI ratio) was quantified by determining the ratio of the MFI at the IS to the MFI at the back of the T cell, calculated using Z-projections. Data for conjugate analysis was pooled from two independent experiments. All other datasets used for quantification comprised images recorded on the same day.

### Online supplemental material.

Videos 1, 2, 3, and 4 show the localization of F-actin (labeled with Lifeact-RFP) during IS formation together with WAVE2 (WAVE2-GFP), Dock2/Elmo (GFP-Elmo1), PIP~3~ (GFP-Grp1PH), and GFP-DynPH (PH domain that does not bind to PIP~3~), respectively. Videos 5 and 6 show the localization of GFP-p85α and GFP-p85β, respectively, in microclusters during IS formation. Video 7 shows the localization of GFP-Grp1PH together with CD3ζ-RFP (to label the TCR). Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20131324/DC1>.
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